This study aimed at testing a mathematical model for an industrial WWTP. This model was developed in a previous study. The characterisation of the influent wastewater was repeated and results revealed that the composition of the wastewater was somewhat changed compared to the previous study. In order to account for varying wastewater composition in the future, the influence of this composition on the effluent concentration was calculated based on relative sensitivity functions. This calculation revealed that the effluent COD concentration is most affected by the inert COD fraction in the influent and that the effluent ammonium concentration is most affected by the biodegradable COD fraction in the influent. As such experimental efforts can be conducted towards determination of the fraction that is most influential on the required result. The model was further evaluated with new data. It could be shown that agreement between simulated and measured data was very good and that no model recalibration or extension will be necessary. As such the industrial WWTP model passed the model evaluation test. In the future this model will be used for potential further upgrades.
Introduction
Several studies, both theoretical and experimental, have already proven that mathematical modelling of wastewater treatment processes is an elegant and cost-effective tool to study and optimise these treatment processes. Modelling offers the possibility to investigate certain engineering questions without time-consuming and expensive laboratory tests. In the last 30 years relatively reliable dynamic simulation models for the activated sludge process, including biological N and/or P removal (e.g. Dold et al., 1980; Wentzel et al., 1992; Henze et al., 1987 Henze et al., , 2000 have been developed (Wentzel et al., 2006) . The increase in calculation capacity of the personal computer has led to an exponential increase in the number of activated sludge model case studies.
Stricker and Racault (2005), for example, used a WWTP model to optimise an aerobic biological treatment system for winery effluents. Choubert et al. (2006) evaluated two operating strategies of activated sludge systems to cope with the increase in the carbon and nitrogen loading rates generally observed on wastewater treatment plants located in winter resorts. Brdjanovic et al. (2000) used a model for better understanding of full-scale biological phosphorus removal. Salem et al. (2002) evaluated different alternatives for the upgrade of a biological nitrogen removal plant with a model. Horan and Chen (1998) used an ASM1 model (Henze et al., 2000) to optimise a fullscale activated sludge plant, treating a high-strength pulp and paper mill effluent. Artan et al. (2002) assessed the performance of sequencing batch reactors for simultaneous nitrogen and phosphorus removal is evaluated by means of model simulations using the ASM2d activated sludge model (Henze et al., 2000) .
Most of these studies, including most of our own work (see for example Van Hulle and Vanrolleghem (2004) and Van Hulle et al. (2006) ), develop a wastewater treatment plant (WWTP) model and use this model for scenario analysis in view of a process upgrade. The development of such a model includes plant data collection, model calibration and model validation. In most cases this validated model is used for simulation of different scenarios and consequently the 'optimal' scenario is implemented in the real plant.
However, very rarely the outcome of this optimal scenario is compared to experimental results obtained with the optimised plant. Sin et al. (2004) used a systematic modelling approach to determine the optimal operation strategy for nitrogen (N) and phosphorus (P) removal of sequencing batch reactors (SBRs) 
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and applied this strategy successfully to a lab-scale SBR. The model predicted that it was possible to improve/increase the current performance of the SBR system by around 54% and 74% for N and P removal respectively. Experimental evaluation of this prediction showed an improvement of total nitrogen removal and phosphorous removal of 53% and 43% respectively (Sin et al., 2006) . However, long-term stable performance could not be achieved due to a severe filamentous bulking problem induced by the optimal operation conditions. Comparing the model results used for the SBR optimisation with the experimental results further falsified the model. As such the model needed to be extended and recalibrated for further use.
In the case study presented here, it was shown that a model of a full-scale industrial WWTP, which was developed previously for model based optimisation and upgrade (Vandekerckhove et al., 2007) , could predict the behaviour of a (partially) upgraded plant without needing additional model development and/or calibration. The model was further used for evaluation of different upgrade options.
Methods

Description of the WWTP
The food industry WWTP treats on average 1 550 m 3 of wastewater coming from the production facility per day (Vandekerckhove et al., 2007) . This wastewater is highly loaded with COD and ammonium. The COD content of the wastewater is mainly removed in an anaerobic UASB reactor, to which the wastewater is first sent after pretreatment (oil and grease skimmer, lamellar settling and flotation). After treatment in the UASB reactor the wastewater is sent to the aerobic part of the WWTP. This stream will further be denoted as the direct stream. A bypass exists to make sure that wastewater can be sent directly to the aerobic part of the WWTP after pretreatment. This stream is identical to the stream that is sent to the UASB reactor and will further be denoted as the bypass stream. In the initial operation schedule (before the upgrade), on average 50 m 3 /d is bypassed. During the experimental period of the study presented here, the bypass flow was not applied.
Both streams, i.e. the direct stream and the bypass stream, are mixed before entering the aerobic part of the WWTP. This aerobic part of the WWTP consisted, before the upgrade, of 2 parallel trains. The first train consist of 2 anoxic reactors, with a respective volume of 600 and 1 000 m 3 , put in series before an aerobic reactor with a volume of 3 100 m 3 . This aerobic reactor is operated with intermittent aeration: the aeration is switched on for 5 h and the DO is controlled at 3 mgO 2 /ℓ after which the aeration is switched off for 5 h. Before the upgrade, about 40% of the influent flow was treated in this train. The second train consists of 1 anoxic reactor and 1 aerobic reactor, with respective volumes of 541 m 3 and 2 700 m 3
. About 60% of the flow was treated in this train. In both trains an internal circulation exists from the aerobic reactor to the first anoxic reactor. The flow rate of this internal recycle is, respectively, 400 m 3 /h for the first train and 250 m 3 /h for the second train. After the aerobic part of the WWTP the wastewater is sent to a secondary clarifier. The underflow flow rate of the settler is equal to 100 m 3 /h and on average about 10 m 3 /h of sludge is wasted. The effluent of this clarifier is partly discharged after tertiary treatment and partly reused in the production facility. In this tertiary treatment flocculant and coagulant is dosed to the waste stream after which the stream is sent to an additional settler. The purpose of this tertiary treatment is the removal of phosphate and the further reduction of effluent COD.
The initial WWTP lay-out (before the upgrade) as implemented graphically in the modelling and simulation environment WEST ® (Vanhooren et al., 2003) is shown in Fig. 1 . The WWTP upgrade aims at increasing the WWTP capacity and treatment efficiency. The following modifications were planned. First, the 2 anoxic tanks of Train 1 are combined to 1 reactor with a volume of 1 600 m 3 . Second, the volume of the aerobic tank in train 1 is increased to 3 600 m 3 . Third, the recycle flow rate in Train 1 is increased from 400 m 3 /h to 1 400 m 3 /h. Fourth, the water coming from Train 1 and Train 2 is sent to an additional anoxic tank with a volume of 400 m 3 and an additional aerobic tank with a volume of 200 m 3 in which the DO is controlled at 3 mgO 2 /ℓ. The goal of installing this additional volume was to provide additional capacity for nitrification and denitrification in this so-called post denitrification in order to increase ammonium and nitrate removal.
Train 2 is left unchanged. The graphical implementation of the upgraded WWTP in the modelling and simulation environment WEST ® is shown in Fig. 2 . Model simulations by Vandekerckhove et al. (2007) revealed that with this lay-out up to 50% reduction of the total nitrogen concentration and up to 98% reduction of the ammonium concentration in the effluent can be obtained.
At the time of the study presented here, upgrade of the WWTP was fully going on. As such experimental results were obtained with an intermediate lay-out, which was also implemented in the modelling and simulation environment WEST ® as presented in Fig. 3 . The difference with the final upgraded WWTP is that the aerobic upgrade reactor is not . In this aerobic tank the DO concentration is controlled at 3 mgO 2 /ℓ.
Mathematical modelling
The Activated Sludge Model No. 1 (ASM1, Henze et al., 2000) was chosen as the standard model for the description of bacterial growth and decay processes. The default values as proposed by Henze et al. (2000) were used for the different kinetic and stoichiometric parameters in the initial study presented by Vandekerckhove et al. (2007) as well as this study.
Temperature dependency of the biological reactions was not considered as the WWTP temperature does not vary significantly during the year because of the increased temperature of the wastewater coming from the production facility.
All the WWTP reactors were considered as completely mixed and are therefore modelled as completely stirred reactors (CSTR). An ideal point settler with a non-settleable fraction of the biomass (f ns ) is considered as an appropriate model for the secondary settler, similar to the work of Van Hulle and . The non-settleable fraction of the biomass (fns) was set to 0.5%.
Influent characterisation
A 5-month data set (May-October 2006) was made available by the plant operators for re-evaluation of the model. Influent flow rate, COD concentration and ammonium concentration are depicted in Fig. 4 . Only measured data from the direct stream are presented as no bypass flow was applied during the study. Several grab samples revealed that the influent nitrate concentration was also on average 2.9 mgN/ℓ, while no nitrite was detected. During the time of the study the plant was operated at a rather high sludge residence time of 34 d.
Influent characterisation was based on the method proposed by Roeleveld and van Loosdrecht (2001) . This characterisation was conducted in a similar way and 1 year after the influent characterisation of Vandekerckhove et al. (2007) . This characterisation aimed at dividing the total influent COD concentration into a biodegradable and soluble fraction (S S ), a non-biodegradable and soluble fraction (S I ), a slowly biodegradable fraction (X S ) and a non-biodegradable and particulate fraction (X I ). The characterisation was performed with grab samples and the influent COD during the characterisation period ranged between 4 and 8 gCOD/ℓ.
Chemical analysis
COD concentration, BOD 20 concentration, suspended solids concentration, ammonium concentration, nitrate concentration and oxygen concentration were all analysed according to standard methods (Standard Methods, 1992) .
Results and discussion
Influent characteristics
Vandekerckhove et al. (2007) 
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From this table it can be seen that the characteristics of the influent have changed somewhat. This is possibly due to the different operation of the anaerobic UASB and alterations in the production facility.
In order to assess the necessity of performing another influent characterisation in a further study, the influence of the different COD fractions on the effluent COD, ammonium and nitrate concentration was assessed based on relative sensitivity functions (RSF):
where:
C is the effluent concentration (COD, ammonium or nitrate) f is the influent COD fraction (S S , S I , X S , or X I )
The RSF functions were calculated numerically by central differences with a perturbation of the influent COD fractions with 0.1% (De Pauw and Vanrolleghem, 2006) . Results of this sensitivity analysis are depicted in Fig. 5 . Figure 5 shows that the effluent COD concentration is most influenced by the S I and X I fractions in the influent, while ammonium is most influenced by the S S and X S fractions in the influent. This is due to the decreased availability of oxygen for ammonium oxidisers because of the increased consumption of oxygen by heterotrophic bacteria. Nitrate is not influenced strongly by an influent COD fraction as values of the RSF below 0.1 are not considered as very influential. From this figure it can be concluded that the experimental effort of determining an influent COD fraction strongly depends on the future goal of the modelling exercise, i.e. either improving COD or nitrogen removal.
Figure 4 The influent flow rate (top), the total influent COD concentration (middle) and the influent ammonium concentration (bottom) of the direct influent
Simulation results
The results from the influent characterisation were used, in combination with the 5-month data set to simulate the behaviour of the intermediate lay-out of the WWTP. In Fig. 6 , as an example, the comparison between measured and simulated soluble COD concentration, ammonium concentration, nitrate concentration and MLVSS concentration in the aerobic reactor of Train 2 is depicted. The simulated ammonium and nitrate concentrations could directly be extracted from the ASM1 model. The simulated soluble COD was calculated as being the sum of S I and S S , while the soluble COD concentration was determined as the COD concentration of a sample after filtration over a 0.45 µm filter. The simulated MLVSS concentration was calculated as the sum of the particulate components considered in ASM1 divided by 1.5 according to Henze et al. (2001) . The measured MLVSS concentration was calculated based on the TSS measurements: an MLVSS/TSS ratio of 0.7 was assumed. From this figure it can be seen that the agreement between measured and simulated soluble COD concentration and MLVSS concentration is good. Only the peak around day 60 was underestimated.
This peak is partially due to uncontrolled incidents which This peak is partially due to uncontrolled incidents which are very difficult to model (personal communication with the operators). A previous study (Van de Kerkhove et al., 2007) showed that controlled dynamic incidents can be captured by the model.
The ammonium concentration is also somewhat underestimated, but both simulated and measured data are low. The actual nitrate concentration in the WWTP varied considerably during the experimental period because of uncontrolled incidents. As such it was difficult to have a good agreement between measured and simulated data, although both data are in the same range.
In order to quantify the goodness of fit the Theil's inequality coefficient (TIC; Theil, 1961)) was calculated. This TIC is defined with the following equation:
y i represents the simulated data points y i,m represents the measured data points A value of the TIC lower than 0.3 indicates a good agreement with measured data (Zhou, 1993) . First the TIC was calculated for the data presented in Fig. 6 . A value of 0.28 was obtained. Second, the average COD, ammonium and nitrate data from the aerobic reactor of Train 2, the anoxic upgrade reactor, the aerobic intermediate reactor and the effluent were used for the calculation of the TIC. Based on these data the TIC was calculated to be 0.14. As such it can be concluded that the model developed by Vandekerckhove et al. (2007) passed the evaluation test and that the conclusions drawn concerning the upgrade of the WWTP will hold. No model recalibration or extension will be necessary.
Finally, the difference in effluent concentrations between the intermediate and the upgraded WWTP was quantified by running a simulation with the upgraded WWTP lay-out and the influent data of the intermediate WWTP. Simulations showed that no significant improvement will be obtained for COD and ammonium concentrations. The major part of the improvements was already obtained when the initial lay-out was upgraded to the intermediate lay-out. The nitrate concentration on the other hand will further be reduced with an additional 40% from 5 mgN/ℓ (on average) to 3 mgN/ℓ (on average). This seems a small decrease in absolute numbers, but it should be remembered that the total nitrogen discharge limit is set to 15 mgN/ℓ. This is illustrated in Fig. 7 (next page) where the simulated effluent total COD and nitrate concentration of the intermediate and the upgraded WWTP is depicted. It can be seen that effluent nitrate concentration is significantly lower for the upgraded WWTP, although the upgraded WWTP is more vulnerable for peaks of nitrate.
Conclusions and perspectives
This study aimed at testing a mathematical model for an industrial WWTP. This model was developed in a previous study.
The characterisation of the influent wastewater was repeated. This characterisation revealed that the composition of the wastewater was somewhat altered compared to the previous study. In order to account for varying wastewater composition in the future, the influence of this composition on the effluent concentration was calculated based on relative sensitivity functions. This calculation revealed that the effluent COD concentration is most affected by the inert COD fraction in the influent and that the effluent ammonium concentration is most affected by the biodegradable COD fraction in the influent. As such experimental efforts can be focused on the determination of the fraction that has the highest impact on the required result.
The model was further evaluated with new data. It could be shown that agreement between simulated and measured data was very good and that the no model recalibration or extension will be necessary. 
